T he severity of coronary artery stenoses shown by arteriograms is most commonly measured as percent diameter stenosis or narrowing relative to the "normal" lumen size adjacent to the narrowed segment. Quantitative coronary arteriographic (QCA) analysis accounting for all geometric dimensions including absolute lumen area of the stenosis and length also requires the dimension of the normal arterial segment.'2 However, the correctness of this normal size reference is open to question, because coronary athero-sclerosis is often diffuse and the normal reference segment is also narrowed. 34 Finally, serial segmental narrowing, representing a type of diffuse disease, is not accounted for by simple percent narrowing or by current methods of QCA analysis because of the absence of a true normal reference segment.
For assessing the severity of diffuse coronary artery disease (CAD), with or without segmental narrowing, it is necessary to know what the normal arterial lumen size would have been in the absence of coronary atherosclerosis at each point along a coronary artery for the vascular bed size distal to each of those points. The observed lumen diameter along the arterial length compared with the normal diameter expected for the vascular bed size distal to each point then indicates the effect of diffuse coronary artery narrowing. Several experimental reports have documented a direct relation between coronary artery lumen size and heart weight or size of distal myocardial bed5-8 and between myocardial mass distal to any point along a coronary artery and the 1988 Circulation Vol 85, No 6 June 1992 sum of arterial branch lengths distal to that point in the coronary tree.9'10 Freiman et a19 demonstrated in postmortem canine hearts that the ratio between the summed lengths distal from each point in the left coronary artery and the total distal cumulative lengths of the left coronary artery is linear and directly proportional to the size of the myocardial bed distal to that point.
Accordingly, we developed methodology applicable to clinical coronary arteriograms to ask three basic questions in humans: 1) Is there a systematic quantitative relation of coronary artery lumen diameter to distal vascular bed size in normal subjects? 2) Is this relation altered in subjects with segmental coronary artery stenosis, indicating that lumen diameter at any location within the artery is too small for distal bed size? 3) Does the observed relation between arterial lumen size and distal bed size indicate a fundamental physical principle(s) or design characteristic(s) underlying the anatomic structure of the human coronary vascular tree? This approach to the analysis of the entire coronary vascular tree on clinical arteriograms provides quantification of diffuse coronary artery narrowing with or without segmental stenoses and identifies the basic design principles underlying coronary vascular tree structure in humans.
Methods

Patient Selection
Twenty-nine patients were studied for clinical reasons with right and left coronary arteriograms in 9-in. mode and with left ventricular angiograms. Informed consent was obtained as approved by the Committee for the Protection of Human Subjects of the University of Texas Medical School at Houston. These patients had coronary arteriography for evaluation of dyspnea (n=5), typical (n=12) or atypical (n=6) chest pain in the presence (n=6) or absence (n=17) of known CAD, with history of myocardial infarction (n=4), or for evaluation before renal transplantation (n = 3) or other operations (n=2). The study population was classified into two subgroups. Group 1 included 12 normal patients (seven men, five women; mean age, 57±15 years) without evidence of significant segmental coronary artery stenoses on coronary arteriograms (>50% narrowing in diameter), without evidence of CAD on thallium exercise testing or by cardiac positron emission tomography (PET). One of these 12 patients in group 1 showed an insignificant, 35% diameter stenosis of the proximal obtuse marginal branch of the left circumflex coronary artery, which did not meet criteria for CAD. This patient's ECG and thallium exercise test were normal. Any bias from including this patient in group 1 would be against our hypothesis; therefore, including him in group 1 was scientifically conservative. There were 17 patients in group 2 (eight men and nine women; mean age, 56±11 years) with a diagnosis of CAD based on coronary arteriograms (one or more segmental coronary artery stenoses greater than 50% in diameter narrowing) or abnormal thallium exercise testing or abnormal cardiac PET images. Three of the 17 patients in group 2 had an abnormal ECG and thallium exercise test with exercise-induced chest pain (n=2) or atypical but had no significant segmental coronary artery stenoses on coronary arteriograms. These patients could be judged to have diffuse CAD and were therefore included in group 2. Any bias from including them in group 2 would be against our hypothesis; therefore, including them in group 2 was scientifically conservative. The frequency of one or more cardiac risk factors was not different between the two groups except for smoking, which was more prevalent in group 2 than in group 1 (nine of 17 versus two of 12, p<0.05). The clinical characteristics of the study subjects are shown in Table 1 .
Arteriographic Analysis
QCA analysis was carried out on biplane coronary arteriograms obtained simultaneously in standard magnification, 9-in. mode in order to include the entire coronary vascular tree in the cine plane. The automated system for quantitative analysis of biplane QCA consists of a 35-mm film projector (Tagarno 35 CX), a slow-scan charged coupled device (CCD) camera for film image digitizing, and a computer workstation (Apollo DN 3010) for image storage and processing. The highresolution CCD line scanner camera (2,048x3,072 pixels) used for image digitizing was developed at the University of Zurich.'1"1,2 The quantitative accuracy of diameter determination of this QCA system, including discussion of the reproducibility of these measurements, has been described recently.1'2 Digitized coronary arteriograms ( Figure 1A ) were processed by threedimensional reconstruction of the entire epicardial coronary tree structure ( Figure 1B ) in order to obtain lumen diameters along each artery and corresponding coronary artery branch lengths distal to each point ( Figures 1C and 1D) respectively, in Figure 1E . Thus, a three-dimensional Cartesian coordinate system (x,y,z) with the isocenter at its origin was defined by transformation of either of the two two-dimensional coordinate systems (u,v with origin at the projection of the isocenter) of the two image planes by a rotation matrix determined by the rotation angles of the image planes. Processing steps.
Step 1. First, one image frame of each coronary artery vasculature with contrast medium, minimum overlapping of neighboring vessels, and end-diastolic frames for least movement of the heart between consecutive frames. Second, information on imaging geometry as described above and selected frame numbers were entered into the computer.
Step 2. Image acquisition was started with digitization of a blank image of the film projector to correct for inhomogeneous background illumination. The film projector with a digital frame counter interfaced to the computer workstation then advanced the film to the previously chosen frames, which were digitized by the high-resolution CCD camera. Because standard arteriographic technique does not give resolution below 0.1 mm, the resolution of the CCD camera was restricted to 1,380x 1,024 pixels.
Step 3. For registration of the digitized images and three-dimensional reconstruction of the coronary artery tree, a technique was adapted from that of Parker et al'3 consisting of three steps: 1) specification of coronary tree landmarks, here being branching node points on both image planes; 2) computer determination of the coronary tree structure in the plane of both image views, including computer-determined vessel centerlines and vessel borders by an edge detection technique12; and 3) three-dimensional reconstruction of the coronary arterial tree from the intersection data of coronary trees from views in the two planes of acquisition images. The three-dimensional reconstruction technique used in this study differs from the one described by Parker et a113 in that the present system used simultaneous instead of sequential views, the processing was based on only two end-diastolic frames instead of multiple frames throughout the cardiac cycle, and the sequence of processing steps was slightly different from the one described by Parker et al.13 In both techniques, the two-dimensional tree structure of each image plane was defined as a hierarchy of vessel branches, each of which was connected to a parent branch, where the position of the branch elements was defined by twodimensional coordinates in each plane (u,v). These two-dimensional plane coordinates of branch elements were then mathematically expressed by three-dimensional x-ray projection lines F,P1 and F2P2 in Figure 1E , which determined the three-dimensional position of a branch element at their intersection (x,y,z) in the absence of any geometric distortion within the imaging system. Because there is always some geometric distortion of the projection lines, these lines were not guaranteed to intersect; therefore, a computer-based iterative reconstruction algorithm found the closest point of intersection for matched points.
For image registration with our QCA system, the isocenter position of the first and second image planes was entered into the computer, and on the first view, several branching node points were marked as landmarks. The projection lines formed by these node points were then projected onto the second view (line F'1P', in Figure 1E ), and the operator visually confirmed matching branch points on the second view as points lying closest to the projected x-ray path lines on the second view. The reconstruction algorithm then formed the closest point of intersection in three-dimensional space for these matched points.
Step 4. The next processing step for dealing with coronary artery branches consisted of entering manually into the computer the first coronary artery branch on the first view. An algorithm then generated branch centerlines based on the greatest image brightness. X-ray projection lines through the starting and end points of this branch were projected onto the second view to provide the limits for the computer to identify this branch on the second view. The three-dimensional reconstruction of the matched points of this branch, starting and end points, was accomplished by the leastdistance algorithm described above. This algorithm also found the matching points for all the branch elements between starting and end points. This task was accomplished by finding the set of paired points (one from each view) that have the minimum total separation consistent with the constraint that adjacent points along the branch are connected. Thus, a three-dimensional centerline for each epicardial branch of the coronary artery was created, defined by the x,y,z coordinates of its branch elements relative to the isocenter.
Step 5. Fixing the entire tree structure was accomplished by defining all the parent and daughter branches.
Step 6. Data extraction consisted of measuring coronary artery branch lengths by summation of pixels along the three-dimensional reconstructed tree structure. Pixels were converted to actual distances by multiplication by the calibration factor. In the present study, images were calibrated by the isocenter method14 as illustrated by Figure 1E . The calibration factor, defined as the ratio between the actual object size and the image size of the object, was calculated from similar triangles by dividing the distance from focal spot to isocenter by the distance from focal spot to projected isocenter. Figures 1C and 1D ). b) D had to be measured in vessel segments with good filling of radiographic contrast medium. c) Regions of overlay of coronary arteries were considered unsuitable for measurements of D. d) Areas of x-ray overexposure within the coronary arteriogram were avoided for measurements of D. e) Segmental coronary artery stenoses were avoided as sites of measurements of D.
On the basis of these general criteria for selection of locations for obtaining D, an estimated 15-20% of all coronary artery diameter measurements were biplane; the rest were single plane meeting the same criteria. Based on D, the cross-sectional area, A, was calculated as A=D2 * /4.
2) For all the values of D, the corresponding summed coronary artery branch lengths were measured ( Figure  1 ). All the summed coronary artery branch lengths were obtained on the basis of biplane coronary arteriograms. With knowledge of the three-dimensional position of the x-ray system for both image planes (e.g., right anterior oblique 30°f or image plane 1 and left anterior oblique 60" for image plane 2), the distances offocal spot (F) to isocenter (I) and focal spot to image plane (I, or I2), a three-dimensional coordinate system (x,y,z) with its origin at the isocenter can be defined on the basis of the two-dimensional coordinate systems (ul,vl and u2,v2). Because of existing geometric distortion in the x-ray system, the projection lines of P, FIP, and F2P2, do not intersect at P. An iterative computer algorithm determines P by slightly changing the three-dimensional position of the image planes such that the distance between FIP1 and F2P2 is minimaL The The anatomic structure of the epicardial coronary arterial tree can be described in terms of lumen crosssectional areas, arterial branch lengths, and branching patterns. The relation among these variables can be empirically observed as described above from clinical arteriograms and can be theoretically derived from one or more basic physical principles or design characteristics. By comparing theoretically derived lumen areabranch length relations and theoretical parent-daughter branching relations to the empirically observed relations, the best-fitting physical principle underlying the anatomic structure of the coronary artery tree can be identified.
There is precedence in expecting some physical design principle underlying biological tree structure. In botany, the weight of a tree and its branch size are closely curvilinear.18 In canine lungs, the diameters of pulmonary bronchi, their position in the bronchial tree, and bronchial air flow follow a tight curvilinear relation.19'20 Beginning in 1926, a small number of reports have proposed several principles underlying the epicardial coronary arterial tree21-26 as well as microvascular structure.27 28 However, the basic physical principles underlying the anatomic structure of the coronary epicardial arterial tree have not been tested experimentally or studied in humans.
Accordingly, in this section of the methods, three basic physical principles are outlined with theoretical derivations of lumen area-length-mass relations and parent-daughter branching characteristics for comparison with those observed empirically in order to test which principle(s) best characterize the human coronary vascular tree. Because the physical principles outlined below describe coronary artery lumen area as a function of the vessel's blood flow rate (see Equations 4, 6, and 8), observed lumen area-length relations have to be converted to lumen area-flow rate or lumen area-regional myocardial mass relations to meet one goal of this study, namely, comparing theoretically derived and observed data. Based on a study in dogs by Freiman et (4) where K=0.004 (under resting flow conditions, determined by the energy coefficient b and j., the viscosity of blood) and a=0.67 in the case of the principle of minimum energy loss per unit time. The principle of minimum energy loss of blood distribution throughout the coronary epicardial arterial tree is illustrated in Figure 2 .
Principle of Limited and Adaptive Wall Shear Stress
The principle of limited and adaptive wall shear stress states that arterial lumen would be of such a size (5) where r is shear stress (dyne/cm2), , is viscosity of the blood (0.03 dyne -sec/cm2), and dv/dr is shear rate (sec-')=rate of change of velocity between different fluid layers in Poiseuille fluid flow. Based on the principle of conservation of mass,30 31which must be obeyed by the blood flow in the human circulatory system, F=V * A (6) where V is mean cross-sectional blood flow velocity in the coronary artery system, A is cross-sectional lumen area of the coronary artery, and F is coronary artery blood flow rate. Because blood flow in the coronary circulation can be regarded as being parabolic in profile,3"3' the shear rate at the vessel wall (dv/drlwa,l) was assumed to be constant and maximal, meaning that the vessel wall is exposed to a shear rate determined by the flow velocity at the centerline of the vessel (vm^,=2V) and the radius, R, of the vessel. In the case of laminar flow, which was assumed to be present, the shear rate at the vessel wall is multiplied by a factor of 2.30,33 Accordingly, the shear rate at the vessel wall, dv/drjwa,,=4VR.
Based on these assumptions, Equations 5 and 6 can be written as:
A.* R=,/T * 4F (7) where R is vessel radius. (9) Substituting F in Equation 9 by F= (1/K)l/a * Al'a, which follows from Equation 4: 1l/Kla . 4 1/a=(l/K1/a 1. AlI+ lKla *A21/a where K and a are defined and determined by one of the three principles described above and in "Alternative Branching Analysis" below, and K can be assumed to have the same value for the parent and daughter vessels close to a bifurcation. Therefore:
Aola=AA l1a+A2 /a (10) In order to be able to determine theoretically and also experimentally the parent-to-daughter vessel lumen area ratio, one may write Equation 10 on the basis of an average daughter vessel size A=1/2(A1 +A2). In this case: aAna=A lda+; 1/a=2A 1/a and Ao=2a. A (11) where 2a is the parent-to-daughter cross-sectional lumen area ratio. Equation 11 follows from Equation 10 only if one assumes that the two daughter vessels have the same cross-sectional lumen area, which would be correct in the case of two daughter vessels each having the mean size of two unequally sized daughter vessels.
For the principles of minimum energy loss, of limited/adaptive shear stress, and of minimum vascular volume at arterial junctions (see below), 2a=22'3=1.588;
i.e., the ratio of parent-to-daughter mean lumen area would theoretically be 1.588. In the case of constant mean velocity of coronary blood flow, the theoretical value of the constant a would be 1 and the term 2a=21=2, and the parent-to-daughter ratio would The theoretical design principles presented above imply that the coronary artery tree is built symmetrically. How- ever, the coronary tree is in fact asymmetrical to a considerable degree, meaning that the shortest pathway to terminal arterioles has fewer generations or fewer branching points or branching orders than the longest one. Numbers of generations in a tree structure are commonly counted from proximal to distal. However, there are advantages in counting branching orders from distal to proximal. Counting branching orders is done by simultaneously tracking the path of all branches of a dichotomously branching system from distal to proximal; the first-order branch is at the first node point between two vessels; the branching order at the next, more proximal bifurcation is obtained by adding 1 to the previous branching order. In a symmetrical, dichotomously branching tree, counting the number of branch points from distally up to a given proximal branch node is the same for all segments of the coronary vasculature. In an asymmetrical tree, the number of branch points or the branching order counted from different supply areas to a proximal, common branch node is always different. The degree of this difference is directly proportional to the degree of asymmetry of the tree. Hence, to define the degree of asymmetry at any vessel bifurcation, one can calculate a delta that is the difference in branching order, counting from the periphery to proximal sites between two daughter vessels meeting at a given bifurcation.
For example, delta is zero at the level of the first bifurcation (which equals the highest branching order or first generation) for symmetrical tree structures. Also, as an example, Horsfield20 has recently shown that, on the basis of these concepts, the diameter ratio between generations of branches in bronchial trees increases as the degree of asymmetry increases, with an observed delta of 3, indicating moderate asymmetry. For a delta of 3 characterizing the asymmetry of the human bronchial tree, the cross-sectional parent-todaughter mean lumen area ratio is 1.670=2074, indicating that a=0.74 in the term 2a above in Equation 11 . By comparison, in the coronary vascular tree, the ratio of arterial cross-sectional area between parent and daughter vessel would theoretically equal 22/3 (=1.588), where a=2/3 or 0.67 in the term 2a for a symmetrical coronary artery tree on the basis of a 2/3 power law relating coronary lumen size to flow. The observed value for the constant a, measured for arterial branches in human coronary arteriograms, is 0.72, and the observed parentto-daughter lumen area ratio is 1.647 (Table 2) , possibly indicating a modest asymmetry of branching structure.
Relation Between Myocardial Mass and Coronary Artery Length
Regional left ventricular mass (M) distal from a certain point in the coronary artery tree where the coronary cross-sectional area (A) was measured was calculated as9
M=Mtot * L/Liot (13) where Mi,, is the total left ventricular mass15 corrected for dominant right coronary artery supply of the inferior left ventricular wall. '6 Statistical analysis. For each individual patient as well as for all data from all study patients in each group lumped together, the cross-sectional coronary artery lumen areas were correlated with either the distal summed coronary artery branch lengths or distal myocardial masses. For these correlations, a general powerlaw equation of the form y=a+bxc was determined that best fitted the observed data by a least-squares method to determine the specific values of a, b, and c. The regression coefficient (r), the SEE, and the 95% confidence interval for values of A were computed.34 Differences among normal subjects and patients with CAD in mean cross-sectional coronary artery lumen area of left and right coronary arteries at specified areas of vascular bed size were tested by a one-tailed, unpaired Student's t test (Table 3) . For 
Results
Observed Arteriographic Data
Cross-sectional lumen area versus length and regional myocardial mass ofthe left coronary artery. Figures 3 and  4 show the relation between left coronary artery crosssectional area, the corresponding distal summed branch lengths, and the regional myocardial mass determined by Equation 13 in the normal group. The coronary artery lumen area at each point along the left coronary artery tree correlated closely to the corresponding summed distal branch lengths and to the regional myocardial mass. Figures 5 and 6 show corresponding relations of cross-sectional lumen area to distal summed lengths and distal regional mass for group 2 with abnormal coronary arteriograms. A comparison of the correlations of area versus length or mass between the 12 patients with normal coronary arteriograms (group 1) and the 17 patients with CAD (group 2) showed a marked deficit of 30-50% in left coronary artery lumen area for the size of its distal lengths and mass in group 2 with CAD. This difference between the two groups was statistically significant for distal summed branch lengths greater than 2 cm (Table 3) ; this value of length is equal to a regional myocardial mass of about 7 g, taking for an average a total left ventricular mass of 250 g changed by excluding from the tree analysis the proximal right coronary artery down to the posterior descending coronary artery (Table 4) .
Comparison Between Observed and Theoretically Determined Data Cross-sectional area ratio between parent and daughter vessels. The mean lumen cross-sectional area ratio of parent-to-daughter vessel at 50 bifurcations in left coronary artery trees among 12 normal patients (Table 2) principle, which makes it unlikely that this principle characterizes vascular tree structure of the coronary artery system. However, the observed value of 1.647 is not significantly different from the theoretical value of 1.588 derived from the 2/3 power principles (22'3= 2067=1.588, where a=0.67 in the term 2a) as shown in Table 2 . Therefore, the observed data on parent-todaughter ratios fit the principles of minimum energy loss, of limited/adaptive wall shear stress, and of minimum vascular volume at bifurcations but do not fit the A, cross-sectional lumen areas in right (RCA) or left (LCA) coronary arteries; M, regional myocardial mass; L, distal summed coronary artery branch lengths; A vs. M or L, A is related to either M or L; RCA 1/RCA 2, right coronary artery in group 1 (normals) or in group 2 (coronary artery disease patients); RCA 1(conduit), the most proximal RCA segment down to the right posterior descending artery is excluded from the coronary artery tree analysis; SEE, standard error of estimate; n, number of data pairs; A(LCA)/A(RCA) over % of L/M range, mean cross-sectional areas in LCA are significantly greater or less than the ones in RCA over percentage of the entire range of L (Table  2) , the lumen area-to-regional mass relation derived on the basis of this principle is not plotted with the observed data.
For the normal reference group 1, there was a close direct relation between total left ventricular mass and total left coronary artery length as shown in Figure 9 , plotting one point for each subject (n = 12). These results in humans parallel a similar observation for the canine coronary artery tree reported by Freiman et al. . In other words, the observed daughter-to-parent lumen area ratio (A/Ao) is 0.607, and the observed lumen area at every arterial junction from proximal to distal (2A/AJ) increases by a factor of 1.214. The higher observed values of the constant a compared with theoretical data can be partially explained by the fact that the theoretical principles assume a symmetrical coronary tree, in which the parent-to-daughter lumen area (Ao/A) is 1.588. The daughter-to-parent ratio is the inverse of 1.588, or 0.630, and the total combined lumen area of two daughter branches is 1.260. Therefore, symmetry means that the lumen sizes of the two daughter branches will be equal, with both having 63% of the cross-sectional lumen area of the parent artery (1.260/2).
Asymmetry of the coronary tree refers to regional differences in the parent-to-daughter and also daughter-to-daughter lumen relation at branching points. Consequently, one daughter branch (A') meeting with the second at, for example, the first-generation bifurcation level is, on average, smaller than the other. For an asymmetrical coronary vascular tree, A0/A'>1.588, or A0/A' >2067. The observed ratio of 1.647 and the observed constant a=0.72 compared with values of 1.588 and 0.67 for a symmetrical arterial tree suggest that the human coronary vascular tree has a slight degree of asymmetry. Factors suggesting that the slightly higher observed values for the constant a compared with those theoretically predicted for a symmetrical vascular tree are real and indicate some asymmetry rather than being a result of biological or measurement variability include 1) the strong correlation between lumen area, summed lengths, and regional mass with a large number of points with highly significant probability values and 2) the similar observed values for the constant a determined from different independent measurements of lumen areas at bifurcations and from measured lumen areasummed lengths relations.
The second question arising from these observations is, in a sense, a philosophical question. What are the implications of the observed lumen area-summed lengths-mass relations and the observed parent-todaughter lumen area ratios fitting several different physical principles: those of minimum energy dissipation at resting flow conditions, minimum volume at arterial bifurcations, and also adaptive/limited shear stress? The first two of these three principles are not actually independent but rather reflect the same concept of minimum energy loss, one developed by considering the entire coronary vascular tree and the other by considering arterial bifurcations. For either starting point, the principle is minimum energy loss.
However, the principle of minimum energy loss is independent of and unrelated to the principle of adaptive/limited shear stress, being based on different physical concepts and derived by different equations. Nevertheless, both principles predict the same lumen area, summed branch lengths, and regional myocardial mass relations by a 2/ power equation (Equations 4 and 8). Although they are derived from different physical concepts and are derived differently mathematically, we believe that these different principles are linked biologically through the properties of blood viscosity, associated viscous shear, and viscous energy loss, which are the mechanisms by which the physical principles are expressed biologically. Viscous wall shear is the mechanism for linking flow phenomenon to behavior of the arterial wall by shear-sensitive receptors of coronary vascular endothelium. Stimulation of these shear-sensitive receptors or lack thereof regulates a variety of biovascular mediators for vasomotion, reorientation of endothelial cells, and cellular proliferation.35-37 In short-term observations (months), fluid dynamic factors appear to play a role in reshaping the coronary artery experimentally"38 and in humans at sites of coronary artery stenoses.'
Similarly, viscous shear determines viscous energy losses along an artery and therefore the energy balance of flowing blood cumulatively throughout the entire length of an artery. The major difference of these principles related to viscous shear in blood is that the adaptive shear equation describes the fluid dynamic phenomenon at small local segments of the vascular tree, whereas the minimum energy principle describes the fluid dynamic phenomenon integrated over the entire length of coronary arteries and arterial tree. These two principles are therefore essentially the same conceptually, but one reflects a macro view of the entire coronary epicardial arterial tree and the other a micro view of small segments of coronary arteries. That they give similar answers from independent starting points adds further credence to these conclusions.
Limitations of the Study
In this study, the primary data measured on coronary arteriograms were lumen area and summed lengths, which were observed to follow a 0.82 power relation. A modest limitation of this study is that the "observed" values of regional mass were calculated on the basis of the experimental observation by Freiman et a19 that summed lengths and regional mass were linearly related. However, this experimental observation is supported by our observation of an essentially linear relation between the total summed lengths and total left ventricular mass in humans ( Figure 9 ) based on clinical coronary arteriograms of the normal group 1. Because there is no way of independently measuring regional mass for a coronary arterial branch in humans, these two observations are the best established regional mass-summed lengths relation for analyzing clinical arteriograms.
Three of the 17 patients in the group with CAD (group 2) had no evidence of significant segmental CAD. They had angina pectoris, ST segment depression on exercise testing, and positive thallium scans, indicating ischemia. These patients could be judged to have diffuse CAD and were therefore included in group 2. An alternative explanation would have been that these patients had syndrome X and thus no coronary atherosclerosis. Any bias by including them in group 2 would be against our hypothesis; therefore, including them in group 2 was scientifically conservative.
Clinical Implications
There are several clinical implications from this study. It demonstrates the conceptual basis, methodology, and application of an approach to analyzing the entire coronary vascular tree on clinical arteriograms The first is the development of completely automated software for analyzing each entire artery along its length on an arteriogram independent of operator intervention other than choosing a cine arteriographic frame and the origins of the left and right main coronary arteries. The second is to develop the methodology for determining coronary flow reserve of each entire artery and its branches by integrating the pressure drop along each coronary artery and/or branches using fluid dynamic equations incorporating the expected normal lumen size for size of the distal bed, the observed lumen size, and cumulative effects of sequential and/or parallel stenoses in branching arteries. These two steps in quantitative coronary arteriography will require further work based on the fundamental concepts documented here.
